We demonstrate high-efficiency green and yellow-green single-quantum-well light-emitting diodes (LEDs) grown on semipolar (20 21) GaN substrates by metal organic chemical vapor deposition. The output power and external quantum efficiency at a driving current of 20 mA under a pulsed condition with a 10% duty cycle are 9.9 mW and 20.4% for the green LED and 5.7 mW and 12.6% for the yellow-green LED, respectively. The electroluminescence linewidth narrowing, which is related to the band-filling effect caused by potential fluctuations, is not observed. 1) The performance of commercial blue LEDs grown on c-plane sapphire has improved tremendously over the past few years. However, these LEDs grown on c-plane sapphire suffer from the quantum confined Stark effect (QCSE) due to the large polarization-related electric fields. This lowers internal quantum efficiency because of the spatial separation of the electron and hole wave functions in the quantum wells (QWs). [2] [3] [4] [5] In addition, the QCSE becomes more significant for longer-wavelength devices such as green LEDs and green laser diodes (LDs) due to the increased lattice mismatch between high-InN-molar-fraction QWs and barriers. As a result, c-plane InGaN QWs with high InN molar fraction generally exhibit low quantum efficiency. It is for this reason that the efficiency of green LEDs grown on c-plane sapphire has not improved drastically compared with that of blue LEDs. One approach to circumvent these problems is to fabricate LEDs on nonpolar planes such as (11 20) plane (a-plane) 6) and (10 10) plane (m-plane). 7, 8) However, the output powers of green LEDs on nonpolar planes are still less than 1 mW at a driving current of 20 mA. The other approach is to fabricate LEDs on semipolar planes, which are inclined with respect to the c-direction. Several semipolar planes, including (10 1 1), (11 22), and other semipolar planes, can be used as growth substrates.
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We demonstrate high-efficiency green and yellow-green single-quantum-well light-emitting diodes (LEDs) grown on semipolar (20 21 ) GaN substrates by metal organic chemical vapor deposition. The output power and external quantum efficiency at a driving current of 20 mA under a pulsed condition with a 10% duty cycle are 9.9 mW and 20.4% for the green LED and 5.7 mW and 12.6% for the yellow-green LED, respectively. The electroluminescence linewidth narrowing, which is related to the band-filling effect caused by potential fluctuations, is not observed. 1) The performance of commercial blue LEDs grown on c-plane sapphire has improved tremendously over the past few years. However, these LEDs grown on c-plane sapphire suffer from the quantum confined Stark effect (QCSE) due to the large polarization-related electric fields. This lowers internal quantum efficiency because of the spatial separation of the electron and hole wave functions in the quantum wells (QWs). [2] [3] [4] [5] In addition, the QCSE becomes more significant for longer-wavelength devices such as green LEDs and green laser diodes (LDs) due to the increased lattice mismatch between high-InN-molar-fraction QWs and barriers. As a result, c-plane InGaN QWs with high InN molar fraction generally exhibit low quantum efficiency. It is for this reason that the efficiency of green LEDs grown on c-plane sapphire has not improved drastically compared with that of blue LEDs. One approach to circumvent these problems is to fabricate LEDs on nonpolar planes such as (11 20) plane (a-plane) 6) and (10 10) plane (m-plane). 7, 8) However, the output powers of green LEDs on nonpolar planes are still less than 1 mW at a driving current of 20 mA. The other approach is to fabricate LEDs on semipolar planes, which are inclined with respect to the c-direction. Several semipolar planes, including (10 1 1), (11 22) , and other semipolar planes, can be used as growth substrates. 9, 10) In spite of these approaches, the efficiency of green LEDs grown on nonpolar and semipolar planes remains equal to or less than those grown on c-plane. The highest external quantum efficiencies (EQEs) of green LEDs ever reported are around 30% on c-plane 11) and 18.9% on (11 22) 20 21) substrates were sliced from c-plane GaN bulk crystals grown by hydride vapor phase epitaxy (HVPE) at Mitsubishi Chemical. The LED structures consisted of 1 m Si-doped n-GaN, followed by an active region, which consisted of a 3.5 nm-thick InGaN single quantum well (SQW) and GaN barriers. The typical growth temperature of the active region is 780 C for the green LED and 760 C for the yellow-green LED. A 20-nm-thick Mg-doped p-AlGaN electron blocking layer was grown after the active region, followed by a p-GaN layer and p þ -GaN contact layer. Lateral LEDs with 490 Â 292 m 2 mesa size were fabricated by conventional photolithography. A 250 nm-thick SnO 2 -doped In 2 O 3 (ITO) layer was deposited by electron beam deposition and annealed by rapid thermal annealing (RTA) as the p-type transparent contact. The n-contact, consisting of a Ti/Al/Ni/Au (10/100/10/100 nm) metal stack, was deposited on n-GaN, and then a Ti/Au (20/300 nm) metal stack was deposited as a pad electrode on ITO. A schematic figure of the device structure is shown in Fig. 1 . To improve light extraction efficiency, we introduced a backside roughening technique.
17) Wafers were diced, and then individual LEDs were mounted on a transparent ZnO vertical stand as a submount and packaged with silicone resin. Electroluminescence (EL) measurements were carried out at room temperature (RT) under a direct current (DC) condition and a pulsed condition with a 10% duty cycle. We illustrate the data under the DC condition unless otherwise stated. The packaged LEDs were tested by a calibrated integrating sphere.
The dependences of output power and EQE with increasing driving current are shown in Figs. 2(a) and 2(b) for the green and yellow-green LEDs, respectively. EL spectra with increasing current are shown in Figs. 3(a) and  3(b) . The dependence of peak wavelength and the full width at the half maximum (FWHM) with increasing current are shown in Figs. 4(a) and 4(b) . Also, the current-voltage (I-V ) characteristics are shown in Fig. 5 .
For the green LED, at a driving current of 20 mA, the output power and EQE are 9.9 mW and 20.4% under the pulsed condition and 9.2 mW and 19.1% under the DC condition, respectively. The peak wavelengths are 529.9, 516.3, and 511.9 nm at currents of 1, 20, and 80 mA, respectively. The wavelength shift with increasing injection current from 1 to 20 mA is 13.6 nm. This amount of blue shift is comparable to that of a green LED grown on (11 22) plane 12) and a commercial LED on c-plane. 9) We speculated this observed blue shift at a low-current is due to both the band-filling effect caused by potential fluctuations and the QCSE. However, only the broadening of the emission linewidth is observed regardless of the size of the injection current. This is an important difference from green LEDs grown on (11 22) plane, in which marked narrowing of the emission linewidth is observed in the low-current range. 12, 19) This result indicates that the band-filling effect contributes to only a little part of the blue shift in the green LED on the (20 21) plane because the band-filling effect induces the blue shift accompanied by narrowing in the low-current range. 19) We assume that the localized states having lower energy induced by potential fluctuations are saturated with increasing current, which leads to an additional blue shift and the emission linewidth narrowing. Therefore, the absence of the narrowing in the green LED on (20 21) plane indicates that the band-filling effect is limited in the low-current range. For this reason, we deduced that the uniformity of the InGaN QW is substantially improved by growing LEDs on (20 21) plane. However, further study is needed to clarify the more detailed relationship between the blue shift and the emission linewidth narrowing, including the comparison with that relationship in the green LED on c-plane, which is infrequently-reported ever. 20) The wavelength shift with increasing current from 20 to 80 mA is 4.4 nm in the green LEDs on (20 21) plane. This blue shift is much smaller than that of the green LED on (11 22) plane, which is 12.4 nm with increasing current from 20 to 100 mA. 21) In addition to screening of the polarizationinduced electric field by carrier injection, since the bandfilling effect is also the primary origin of the blue shift in this current range, the smaller blue shift indicates presence of fewer potential fluctuations. However, since the net blue shift measured under the DC condition is the value compensated by the red shift caused by the self-heating, further detailed investigation, in which the self-heating effect is taken into account, is required in this high-current range.
For the yellow-green LED, at a driving current of 20 mA, the output power and EQE are 5.7 mW and 12.6% under the pulsed condition and 5.2 mW and 11.6% under the DC condition, respectively. The peak wavelengths are 572.5, 552.3, and 544.2 nm at currents of 1, 20, and 80 mA, respectively. Identically to the green LED, a large blue shift is observed at a low current. The wavelength shift with increasing injection current from 20 to 80 mA is 8.1 nm, which is larger than that of the green LED on (20 21) plane. This indicates that the high In composition of the yellow-green LED leads to more significant potential fluctuations than those in the green LED. However, the blue shift with increasing injection current from 20 to 80 mA is still smaller than that of the green LED on (11 22) plane. Additionally, the emission linewidth narrowing is not observed. This indicates that the band-filling effect is limited in the low-current range as mentioned above. These results indicate that (20 21) plane is suitable for growing LEDs with not only green wavelengths but also even longer wavelengths. This is also confirmed by comparing the emission linewidths. The emission linewidths with a driving current of 10 mA are 33.0 and 40.8 nm for the green and yellow-green LEDs on (20 21) plane, respectively, and 42.5 nm for the green LEDs on (11 22) plane. 21) The narrower linewidth indicates presence of fewer potential fluctuations.
The operating voltages at a driving current of 20 mA are 6.4 and 6.8 V for the green and yellow-green LEDs, respectively. We attribute the high operation voltages to the unoptimized growth conditions of the p-GaN layers and the ITO contact electrodes.
In summary, SQW green and yellow-green LEDs were fabricated on semipolar (20 21) GaN substrates. For the green LED, the output power and EQE at a driving current of 20 mA are 9.9 mW and 20.4% under the pulsed condition and 9.2 mW and 19.1% under the DC condition, respectively. To the best of our knowledge, these output powers and EQEs at a driving current of 20 mA are the highest values that have ever been reported for green LEDs grown on semipolar/ nonpolar planes. For the yellow-green LED, the output power and EQE at a current of 20 mA are 5.7 mW and 12.6% under the pulsed condition and 5.2 mW and 11.6% under the DC condition, respectively. The EL linewidth narrowing, which is related to the band-filling effect caused by potential fluctuations, is not observed in the low-current range. This indicates that the uniformity of the InGaN QW is substantially improved by growing LEDs on (20 21) plane. These results suggest that (20 21 ) GaN substrates could be one of the possible substrates for high-power and highefficiency LEDs with green or even longer wavelengths. 
